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322a Monday, February 9, 2015membrane-associated FtsZ polymers generate a mechanical force for mem-
brane constriction. However, some FtsZ GTPase mutants are viable at permis-
sive temperatures, raising the question of what the role of FtsZ’s GTPase
activity is in cell division. Previously, fluorescence recovery after photobleach-
ing (FRAP) experiments showed the Z-ring is highly dynamic, and it constantly
turns over with cytoplasm FtsZ pool1. In this work we used total internal reflec-
tion fluorescence microscope (TIRFM) to monitor the dynamics of FtsZ-GFP
labelled Z-ring in live E coli cells. We observed that matured Z-rings exhibit
highly dynamic oscillatory behaviours in live wild type background cells.
These dynamic oscillations are larger in magnitude than the constant individual
subunit turnover reported by FRAP. It is also distinct from the previously re-
ported FtsZ oscillation along the cell length of newborn cells before Z-ring’s
assembly. We further investigated cellular factors and FtsZ properties that
could influence this dynamic behaviour.
Reference
1. Stricker, Jesse, et al. PNAS, 2002, 99, 3171-3175.
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Non-muscle (NM) myosin II is involved in many important cellular processes,
including migration, adhesion and cytokinesis. NM myosin II assembles into
bipolar filaments; this multimerization is thought to be essential for acto-
myosin contractility. Since each head in a myosin filament can bind F-actin,
the number of heads per filament will affect the balance among its bundling,
crosslinking and sliding activities, as well as the load-dependent feedback on
these activities. Electron microscopy studies of interphase cells from different
species have shown NM myosin II filaments contain 16-56 heads, but the size
of filaments has never been determined in cytokinesis.
We first studied the number of NM-myosin II in meiotic and mitotic C. elegans
zygotes. GFP tagged myosin was imaged by TIRF microscopy until the fluores-
cence signal was completely bleached. We developed a novel, yet very simple
molecule counting method CoMPaS (counting molecules with photobleaching
and subtraction) to measure the number of bleaching events in the fluorescence
decay curves fromcellswith different level ofGFPexpression.We found that the
total number of myosin molecules in a single filament is 100 - 150. As an inde-
pendent assessment ofmyosin filament size, we alsomeasured filament length in
cultured Drosophila cells using super-resolution microscopy. We measured the
distance between diffraction-limited foci containing GFP-tagged regulatory
light chain (RLC) at the two ends of myosin filaments, with nm accuracy. On
average, myosin filaments are approximately 380 nm long. This method also al-
lowed us to determine the orientation and size of the RLC myosin head foci.
Interestingly, increased myosin filament length correlated with more parallel
filament head foci.Wewill combine thesemeasurement techniques with genetic
perturbations to understand how NM myosin II filament assembly is controlled
and how interaction with actin influences myosin filament structure.
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The cystic fibrosis transmembrane conductance regulator (CFTR) is an anion
channel which conducts chloride and bicarbonate ions through the apical
plasma membrane of epithelial cells. CFTR interacts with other proteins which
form a macromolecular complex that regulates its activity at the cell surface.
The number of CFTR molecules within these complexes remains uncertain
due to cell variability and the difficulty of measuring this parameter in situ.
We show a single molecule step photobleaching method which measures the
oligomerization state of resolved clusters and then maps the z-position profile
of individual CFTR molecules within the cluster based on imaging data
collected by TIRF microscopy. DNA nanorods with defined fluorescent label
spacing were used as controls to validate the analysis and to recover the olig-
omerization distribution that would be expected for a 24.5 nm building block
length (24.652.5 nm, measured), and for the 13.5 nm height of the base layer
of streptavidin on the coverslip (12.951.7 nm). Studies of primary airway
epithelial cells expressing GFP-CFTR indicate that CFTR clustering state in-
creases linearly with the z-position from the inside to the outside of the cell.
Plots of z position versus oligomer subunit count yielded the same slope under
control conditions (6.051.4 nm/count) and during protein kinase C stimulation(PKC; 6.053.7 nm/count). However, the number of counts per cluster was
larger in PKC stimulated cells. Our results demonstrate that CFTR aggregation
state varies with depth from the cell surface, and may be related to the mech-
anism of cluster assembly inside the cell and/or its function at the plasma
membrane. We anticipate that our method can be generalized to monitor the
z-position profile or oligomerization states of other membrane receptors and
channel to determine structure/function relationships for such membrane
complexes.
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EphA2 is a single pass transmembrane protein and a member of the largest
Receptor Tyrosine Kinase (RTK) family. EphA2 regulates cell-cell interactions
during embryonic development in humans and is known as an oncoprotein as
well as a tumor suppressor. The Eph receptors differ from other RTKs since
they form oligomers when they bind their ligands. However, the interactions
between the EphA2 receptors in the absence of ligand have not been investi-
gated. We used spectral FRET in conjunction with two photon microscopy to
probe unliganded EphA2 dimerization in HEK 293 cells. We measured the
FRET efficiency with high precision over a concentration range that spans three
orders of magnitude and includes the physiological range of receptor expres-
sions. We show that EphA2 forms dimers in the absence of ligand. In addition,
mutagenesis studies reveal that contacts between the EphA2 receptors that are
important for ligand-mediated clustering are also important for unliganded
dimerization. We therefore propose that unliganded EphA2 dimers are an
important intermediate in EphA2 signal transduction.
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The human serotonin transporter (hSERT) is responsible for the termination
of synaptic serotonergic signaling. The formation of SERT oligomers in the
plasma membrane has already been indicated by various approaches, including
optical methods such as Fo¨rster resonance energy transfer (FRET) and classical
biochemical ensemble analysis. However, neither application is suitable
to yield quantitative interpretation and decipher the exact configuration of
the oligomerization states; additionally, biochemical methods do not take
the influence of the membrane environment into account. Here we used single
molecule fluorescence microscopy to obtain the oligomerization state of SERT
via brightness analysis of single diffraction limited fluorescent spots. The tech-
niques applied in this study allow for identification and quantitative evaluation
of subpopulations of SERT complexes exhibiting different degrees of oligo-
merization in a living cell. We found a variety of oligomerization states of
membrane-associated transporters, revealing molecular associations at least
up to pentamers and demonstrating the coexistence of different degrees of olig-
omerization in a single cell. The oligomerization was found to be independent
of SERT surface density, and the interactions were stable over several minutes.
Together, these results indicate kinetic trapping of preformed SERT oligomers
at the plasma membrane. Next, we developed a strategy for single molecule
analysis at the membrane of the endoplasmic reticulum. By evaluating the olig-
omerization of SERT in the ER we found that the oligomerization process is
chemically equilibrated at ER membranes; after trafficking to the plasma mem-
brane, the SERT stoichiometry remains fixed.
This work was supported by the Austrian Science Fund FWF, the NIDA-IRP,
and the NIH.
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Many RFPs are prone to form artificial puncta when labeling proteins in secre-
tory pathway, which may severely impede their further uses in living cell
Monday, February 9, 2015 323aimaging and multi-color imaging. Here we report the fusion properties of
several commonly used RFPs by using an environment sensitive membrane
protein Orai1 and reveal that intracellular artificial puncta are actually colocal-
ized with lysosome, indicating that besides monomeric properties, pKa value
of RFP is also a key factor for correct localization. In summary, our current
study established a fast and easy method to evaluate RFPs fusion properties
and provides a useful guide for choosing appropriate RFP for labeling
secretory membrane proteins. Among RFPs tested, mOrange2 is highly recom-
mended based on excellent monomeric property, appropriate pKa and high
brightness.
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A key aspect of simultaneous multicolor single molecule real-time (SMRT) im-
aging in the living cell is choosing the appropriate combinations of fluorescent
proteins (FPs). Although ample information is available on fluorescent bright-
ness, photo-stability, pH sensitivity and natural oligomerization state of FPs,
interpolating published data into performance in live human cell experiments
is difficult. Ultimately the effort of re-cloning of genetic constructs and
advanced quantitative analysis to determine the most suitable FP favor the
use of suboptimal label combinations. However, the use of high power to excite
fluoresphores often results in shorter observation times, higher photo-damage
and possibly the induction of ‘stress’ reaction by the cell. To determine the
best FP combination for multicolor imaging relies on not only obvious factors
like optimal spectral separation, best photostability and highest brightness but
also the amount of excitation power needed to generate sufficient signal at min-
imal background noise level which could come from live cell autofluorescence,
cross-talk between different channels and cross-excitation of FP.
We tested 36 different FPs in a parameter space specific to their suitability in
live cell multicolor single molecule imaging. Particular attention was paid to
biased subcellular localization effects and performance of the FPs for labeling
of dynamic (soluble FP & diffusive fusion protein), labeling of confined mol-
ecules (nuclear pore marker on nuclear envelope), the amount of fluorescence
signal under low excitation power imaging conditions and cross excitation and
cross emission at non-maximal photon output.
We present different sets of FPs for different labeling purposes and discuss
possible protocols for testing and specifying FP performance in low light
live cell imaging conditions.
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A versatile approach for absorption spectroscopy on the micron scale is pre-
sented allowing label-free characterization of as few as 10^7 molecules in a
pico-liter volume. Our setup employs a confocal microscope with spatial reso-
lution at the cellular level (1-2 microns) over a wide spectral range from the
near-infrared to the ultraviolet. Spectra of amino acid, proteins, and DNA bases
in solution are acquired on a timescale of seconds with spectral resolution of 0.3
nm.We analyze samples in nanoliter quantities containing a few concentrations
of two different dyes. In combinations with factor analysis we can reconstruct
the spectra as a superposition of the individual dyes. We explore applications to
spatially inhomogeneous samples and single cells.
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Depletion of calcium from the endoplasmic reticulum (ER) triggers autono-
mous assembly of STIM1-Orai1 complexes at ER-plasma membrane (PM)
junctions, leading to store-operated calcium entry (SOCE). One hypothesis to
explain this process is a diffusion trap in which activated STIM1 diffusing in
the ER becomes trapped at junctions by binding to the PM via its C-terminal
polybasic domain. STIM1 then traps Orai1 in the PM through binding of
STIM1’s CRAC activation domain. We tested this diffusion trap model by
analyzing STIM1 and Orai1 diffusion using single-particle tracking, photoacti-
vation of protein ensembles, and Monte Carlo simulations. In resting cells,
STIM1 diffusion is Brownian with a mean diffusion coefficient (D) of
0.12 mm2/s, while Orai1 is slightly subdiffusive (mean D¼0.09 mm2/s). Afterstore depletion both proteins slow to the same speed (mean Dz0.03 mm2/s),
consistent with complex formation, and are confined to an area similar in
size to ER-PM junctions. At high STIM1:Orai1 expression ratios, the probabil-
ity that Orai1 escapes the diffusion trap is >1%, but the escape probability is
significantly increased by reducing the affinity of STIM1 for Orai1 or by ex-
pressing the two proteins at comparable levels. Our results provide direct evi-
dence that STIM1 and Orai1 are trapped by their physical connections across
the junctional gap. However, we also find that STIM-Orai interactions are sur-
prisingly dynamic in that readily reversible binding reactions generate free
STIM1 and Orai1 which can escape and exchange with extrajunctional pools.
These data suggest that STIM1 and Orai1 interact with low affinity, creating the
potential for SOCE modulation even when ER calcium stores are mostly
depleted, and promoting the reversal of SOCE upon store refilling.
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Membrane proteins perform vital cellular functions like respiration, signaling
and nutrient uptake. For proper membrane-protein functioning, conformational
dynamics, complex formation and ability to diffuse in the membrane are vital
parameters. Despite a lot of work on model membranes, little is known about
lateral diffusion of proteins in prokaryotic membranes. Here we use single-
molecule wide-field epi-fluorescence microscopy to track, in living E. coli,
the lateral mobility of seven trans-membrane proteins of different size fused
to green fluorescent protein. We apply a novel method, IPODD (inverse projec-
tion of displacement distributions), to extract accurate diffusion coefficients
from the 2-D projected diffusion trajectories along the 3-D curved bacterial
membrane. The diffusion coefficients we find are significantly lower than those
reported in in vitro studies of isolated membrane proteins in giant unilaminar
vesicles. Our results indicate that crowding in the E. coli inner membrane sub-
stantially slows down trans-membrane protein mobility. Strikingly, we observe
heterogeneity in the diffusive motion of all seven proteins: they all show a
faster and a slower moving component. This heterogeneity does not appear
to be connected to specific localization of the proteins in poles or other parts
of the bacterium. Instead, our experiments indicate that the plasma membrane
of E. coli contains patches with a different lipid composition than the bulk of
the membrane, resulting in regions of slower and faster membrane-protein
diffusion. These results show that the diffusion behavior of proteins embedded
in the plasma membrane in E. coli is richer and far more complex than
anticipated.
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The stringent response is a physiological response that occurs when bacterial
cells encounter nutritional stresses such as amino acid starvation or fatty acid
starvation. The most marked outcome of this response is an immediate accumu-
lation of the effector nucleotides, guanosine tetra- and pentaphosphate (ppGpp
and pppGpp).The RelA protein of Escherichia coli is a (p)ppGpp synthetase
that is activated by amino acid starvation. Here, we use single-molecule
tracking to investigate the RelA protein diffusive behavior and association
with ribosomes both before and after the stringent response. In earlier work
from the Elf lab, a RelA-Dendra2 construct diffused like ribosomes (slowly)
in normal growth conditions and diffused freely (rapidly) following the
stringent response. In sharp contrast, we find that diffusion of a RelA-eYFP
construct is heterogeneous in both conditions. Diffusion is much slower under
stringent conditions. The single-molecule diffusive behavior is well fit by a hid-
den Markov model including two diffusive states: free and ribosome-bound.
Amino acid starvation increases the dwell time of RelA in the state with lower
mobility (ribosome-like diffusion) from 15 ms to 95 ms, while the dwell time of
RelA spent in the free state remains unchanged at 20 ms. Correspondingly, the
fraction of ribosome-bound RelA increases from 43% to 83% upon amino acid
starvation. These observations suggest that RelA binds to ribosomes during
synthesis of (p)ppGpp.
